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1.0 OVERVIEW 

T h i s  s e c t i o n  desc r ibes  b r i e f l y  the gene ra l  r a t i o n a l e  and 

d i r e c t i o n  of the NASw-870 c o n t r a c t  e f fo r t  during the per iod  

1964 through 1970. Subsequent s e c t i o n s  w i l l  d e sc r ibe  in  m o r e  

d e t a i l  the t w o  major s c i e n t i f i c  and t e c h n i c a l  effor ts  prose- 

cuted under the c o n t r a c t  and t h e i r  j u s t i f i c a t i o n  and accomplish- 

ments. 
* 

Since the advent of the e a r t h  s a t e l l i t e ,  t h e  b i o l o g i c a l  

s c i ences  community has  been i n t e r e s t e d  i n  the behavior of  

b i o l o g i c a l  specimens i n  the space environment. Several  bio- 

s c i e n t i f i c  o b j e c t i v e s  can be achieved only in  the space environ- 

ment. T h e  phys io logic  and psychologic behavior of  man when 

exposed t o  the unique space f l i g h t  environment is of g r e a t  

i n t e r e s t .  L e s s  complex b i o l o g i c a l  specimens can be used t o  

s tudy  a spec t s  of basic phys io logic  func t ions .  A l s o ,  there are 

important basic b i o l o g i c a l  phenomena thought t o  be r e l a t e d  t o  

the  i n t e r a c t i o n  of  the geosphere w i t h  primary phys io logica l  

func t ions  which can only be s tud ied  by removing the specimen 

from t h e  geosphere. Thus, space f l i g h t  provides  a unique 

oppor tuni ty  t o  better understand the b iosphere .  

Q 

In  1963, p lanners  i n  N A S A ' s  O f f i c e  of Space Sciences and 

Appl ica t ions  determined tha t  the ques t ion  of  i n t e r a c t i o n  of 

geophysical  fo rces  and basic b i o l o g i c a l  phenomena might be 

approached through measurement of o x i d a t i v e  m e t a b o l i s m .  

* 
Bibl iographies ,  c e r t a i n  drawings, diagrams and 
photographs, etc.,  are no t  cited o r  reproduced 
h e r e i n  b u t ,  a s  necessary,  a r e  related by foot-  
no tes  t o  the primary p r o j e c t  documents submitted 
earlier.  



Oxidative metabolism is an important primary l i f e  process ,  is 

o f t e n  an e x c e l l e n t  secondary mani fes ta t ion  of o t h e r  primary 

processes ,  and is amenable t o  measurement. 
Q 

But no respirometer  was then a v a i l a b l e ,  s a t i s f y i n g  both 

space f l i g h t  c o n s t r a i n t s  and s c i e n t i f i c  data requirements. 

Accordingly, Space/Defense Corporation undertook the develop- 

ment of such a microrespirometer under Contract  NASw-870. The 

hardware development was organized around the concept of an 

experiment i n  b i o l o g i c a l  rhythmici ty;  the parameter t o  be 

measured w a s  the ox ida t ive  m e t & b o l i s m  of the common p o t a t o  

whose r e s p i r a t o r y  rhythmici ty  was hypothesized t o  be influenced 

by geophysical fo rces .  The NASw-870 p lan ,  then, c a l l e d  f o r  the 

development of a l i f e  support  system and microrespirometer 

p o t e n t i a l l y  capable  of  space f l i g h t  and able t o  measure the 

v a r i a t i o n  i n  oxygen consumption of a s i n g l e  po ta to  sprout .  

Furthermore, the p l an  c a l l e d  f o r  the eventua l  development of 

another  conf igura t ion  a b l e  t o  measure the r e s p i r a t i o n  of sev- 

e r a l  specimens ind iv idua l ly  and/or c o l l e c t i v e l y .  T h i s  l a r g e r  

conf igu ra t ion  would be u s e f u l  should a f l i g h t  opportuni ty  occur 

w i t h  more relaxed weight, volume and power requirements where 

b i o s t a t i s t i c a l  d a t a  requirements could be more r e a d i l y  s a t i s -  

f ied .  The program prosecuted t o  a t t a i n  these s c i e n t i f i c  and 

technical o b j e c t i v e s  is descri’ljed i n  paragraph 2.0,  Respirometer 

Development Program. 

In  1966, NASA planning projected the need t o  develop a 

bioexperimental  system t o  s tudy  c e r t a i n  basic endocrinophysio- 

l o g i c  responses t o  weight lessness .  The s p e c i f i c  s c i e n t i f i c  
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ques t ion  w a s  how organisms responded, hypothalamically,  t o  

weight lessness .  Fish w e r e  chosen a s  the experimental  animal. 

T h e  NASw-870 development p l an  i n  1967, then, added the require-  

ment to:  f irst ,  develop a fresh water teleost  l i f e  support  sys- 

t e m  p o t e n t i a l l y  capable of space f l i g h t  and; second, demonstrate 

the a b i l i t y  t o  measure f i s h e s  p o s t e r i o r  hypothalamic response t o  

a l t e r e d  o r i e n t a t i o n  i n  the g r a v i t a t i o n a l  f i e ld .  Paragraph 3.0, 

below, Gravi ty  and Neurohypophyseal Secre tory  Ac t iv i ty ,  desc r ibes  

the program prosecuted by Space/Defense toward t h e s e  t e c h n i c a l  

and s c i e n t i f i c  o b j e c t i v e s .  

2.0 RESPIROMETER DEVELOPMENT PROGRAM 

2 -1 Bio log ica l  Review and Rat ionale* 

Biorhythmicity i n  behaviora l  and phys io logic  a c t i v i t y  

has  long been recognized. A s  techniques i n  d i s c i p l i n e d  observa- 

t i o n  were improved, it soon became clear t h a t  a l l  l i v i n g  th ings  

demonstrated some degree of p e r i o d i c i t y  and t h a t  i f  enough data 

w e r e  c o l l e c t e d  about nea r ly  any b i o l o g i c  parameter and proper 

a n a l y t i c  methods w e r e  used, a p e r i o d i c i t y  appeared t o  be p resen t .  

T h e  per iods  d isp layed  by organisms i n  n a t u r e  ref lect  the p r i n c i -  

p a l  c y c l i c  event  of their  immediate environment. Thus, such 
4. - * 

For a more d e t a i l e d  d i scuss ion  of the biology and complete 
b i b l i o g r a p h i c  c i t a t i o n  of the s c i e n t i f i c  arguments, see 
S/D P69-136, dated 27 May 1969, " P e r i o d i c i t y  of Pota to  
Respi ra t ion"  ( suppl ied  i n  response t o  NASA l e t t e r  PBA 176 
(c7 .2 )  da ted  1 May 1969);  and "Design and Development of a 
Microbiological  Respirometer w i t h  Space F l i g h t  Applications.  
P.C. Taudvin, B.W. Pince and J . M ,  Paros, Symposium Minutes, 
17th Aerospace Instrumentat ion Conference, EA, May 5-6, 1971. 
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per iods  a s  s o l a r  day, t i d a l ,  synodic month, and annual have been 

observed i n  a w i d e  v a r i e t y  of p l a n t s  and animals. 

When organisms are c a r e f u l l y  sh i e lded  from \he rhythmic 

v a r i a t i o n s  i n  a l l  o rd inary  f a c t o r s  of their  environment, such as 

l i g h t ,  temperature,  humidity, and t i des ,  their  behavior s t i l l  

remains rhythmic. Under such con t ro l l ed  condi t ions ,  however, a 

rhythmic d u p l i c i t y  commonly becomes ev ident .  Precise, mean, 

environmentally related frequencies  (dian,  l una r ,  monthly, annual) 

remain p r e s e n t ,  b u t ,  i n  add i t ion ,  the o v e r t  d a i l y  o r  t i d a l  physio- 

l o g i c a l  p a t t e r n s  may now displa 'y r egu la r  pe r iods  d i f f e r i n g  s o m e -  

w h a t  from the moon- o r  sun-related ones. I n  o the r  words, the 

events  i n  the recu r r ing  p a t t e r n s  occur r e g u l a r l y  either a l i t t l e  

ear l ier  or a l i t t l e  l a t e r  each day. These odd-lengthened per iods  

have been the reason for coining the t e r m  c i r cad ian  (circa = 

about: dies = day, or ,  "about a day long") t o  emphasize t h e  fact  

tha t  these rhythms a c t u a l l y  d i f f e r  i n  per iod  from the - dian  

twenty-four hour rhythm. In  e i ther  circumstance,  s o m e  kind of 

" b i o l o g i c a l  clock" appears t o  be opera t ing ,  "timing" these regu- 

l a r l y  r e c u r r e n t  behaviors .  

How these "b io log ic  clocks" a r e  "dr iven"  o r  "set" is n o t  now 

completely understood and c o n s t i t u t e s  one of the c e n t r a l  problems 

i n  biology today. Two a l te rna t ' ive  hypotheses have been o f f e r e d  

t o  expla in  these rhythmic func t ions .  

The first is that  each organism is t i m e d  by an autonomous, 

endogenous, i n t r i n s i c ,  i n h e r i t e d  and i n t r a c e l l u l a r  o s c i l l a t o r .  

This hypothesis  p o s t u l a t e s  t h a t  each organism has wi th in  it i ts  

4 



own "clock" by which it "sets" i t s  rhythmic a c t i v i t i e s ,  and t h a t  

t h i s  e v o l u t i o n a r i l y  related i n t e r n a l  c lock matches c l o s e l y  and 

adap t ive ly  the major geophysical per iods .  

The second hypothesis  p o s t u l a t e s  tha t  each organism's 

t iming is dependent upon exogenous, e x t r i n s i c  inputs  f r o m  t h e  

pervas ive ,  s u b t l e ,  rhythmic, geophysical forces from which the 

organisms are never f u l l y  sh ie lded .  Such forces include t h e  

Earth 's  g r a v i t y ,  and i ts  magnetic, e l e c t r o s t a t i c  and electro- 

magnetic f i e l d s  e 

U n t i l  r e c e n t l y  it has been impossible t o  remove an 

organism of known biorhythm completely o u t s i d e  the Earth 's  

rhythmic sphere  of in f luence .  Now w i t h  the opportuni ty  t o  use  

space a s  a l abora to ry  such removal becomes poss ib l e .  T h e  SO61 

experiment w a s  based upon the need t o  depr ive  an organism of  

s i g n i f i c a n t  information about its rhythmic geophysical environ- 

ment, and measure the effect  of such depr iva t ion  upon the observed 

b i o l o g i c  rhythm. The po ta to ,  Solanum tuberosum, (whose d ian  oxi- 

d a t i v e  metabolic rhythm seemed well-defined) was s e l e c t e d  for  a 

f l i g h t  tes t  t o  s e p a r a t e  an organism from the E a r t h ' s  geophysical 

in f luences .  I f  the rhythm remained una l t e red ,  the i n t r i n s i c  

hypothes is  would appear more tenable ;  i f  the rhythm was a l t e r e d ,  

the e x t r i n s i c  clock hypothesis  ,.would be supported. I n  s h o r t ,  

any behaviora l  change would be informative,  and provide i n s i g h t  

i n t o  t h i s  c r u c i a l  b i o l o g i c  ques t ion  whose answer has  many impor- 

t a n t  basic and appl ied  connotat ions.  
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2.2 S ing le  Specimen Respirometer Development Review 

The biological clock phenomenon d iscussed  above were 

deemed by a s c i e n t i f i c  panel  and NASA t o  be of s u i f i c i e n t  impor- 

t a n c e  t o  warrant  eventua l  s tudy  i n  the space environment. Equip- 

ment a v a i l a b l e  i n  the e a r l y  1960 ' s  for biorhythmic s t u d i e s  w a s  

unsu i t ab le  f o r  space f l i g h t  app l i ca t ions .  A s  a r e s u l t ,  Space/ 

Defense Corporation cont rac ted  t o  develop a l abora to ry  pro to type  

capable  of the p res su re  and temperature c o n t r o l  and measurement 

requi red  f o r  space f l i g h t  r e sp i romet r i c  s t u d i e s .  Primary proto-  

type cons idera t ions  w e r e :  s i z e ,  'weight, power consumption, 

r e l i a b i l i t y  and r e s o l u t i o n .  

2 .2 .1  Design 

T h e  p r i n c i p a l  des ign  o b j e c t i v e s  were t o  design 

a l i f e  suppor t  system a b l e  t o  maintain a sp rou t ing  p o t a t o  plug 

for 90 days i n  the space environment and measure oxygen consump- 

t i o n  w i t h  accuracy and r e l i a b i l i t y .  The plug,  about 2.0 c m  i n  

diameter  and 3.0 c m  long, i n  darkness consumes oxygen and produces 

carbon d iox ide  w i t h  an R.Q. of about 1.0 a t  a ra te  of about .01 

m l  02/gm/hr. 

assumed tha t  t h i s  respirometer  would be compatible w i t h  an 

unmanned spacecraft such as PIONEER. 

For the purposes of  the design it was f u r t h e r  

The primary biologic d a t a  requirement w a s  t o  

r e s o l v e  2-3% v a r i a t i o n  i n  oxygen consumption, dev ia t ing  f r o m  a 

mean b a s a l  rate of .06 m l  02/hr f o r  a 6.0-7.0 gm specimen. The 

basal rate range w a s  assumed t o  be from .006 m l  0 /hr t o  0.6 m l  

02/hr. 
2 

( I n  a c t u a l  p r a c t i c e ,  the ox ida t ive  metabolism requirement 
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of a 7.0 gm specimen v a r i e s  from "zero" to ,  occas iona l ly  and 

b r i e f l y ,  about 1.2 m l / h r ) .  O t h e r  l i m i t i n g  parameters were 

se t  a t :  weight about 5 lbs; volume, about 200 cubic  inches;  and 

power, about 100 mill iamperes a t  2 8  VDC (less d g t a  management 

power requirements and temperature c o n t r o l ) .  The  r e sp i romet r i c  

charriber was to:  be i n  t o t a l  darkness: c o n t r o l  p re s su re  a t  760 

mm Hg - + 2 mm Hg; maintain a nominal gaseous environment of about 

20% oxygen, 80% n i t rogen  and the t r a c e  gases  of  a i r .  Carbon 

d iox ide  w a s  t o  be scrubbed t o  less than 1% and r e l a t i v e  humidity 

w a s  t o  be 90% o r  g r e a t e r .  Temperature w a s  t o  be con t ro l l ed  a t  

68OF - + 0.5O (by the space c r a f t ) .  

Prel iminary design s t u d i e s  r e s u l t e d  i n  a con- 

f i g u r a t i o n  as shown i n  Figure 1. The d i f f e r e n t i a l  p re s su re  

t ransducer  approach was selected because no absolu te  p re s su re  

t ransducer  meeting s p e c i f i c a t i o n s  w e r e  then  ava i l ab le .  

Continued a n a l y s i s  and a breadboard c i r c u i t  

showed tha t  the t ransducer /cont ro l  c i r c u i t  subsystem would 

r e q u i r e  d i sc r imina t ion  of one p a r t  i n  200,000 ( 5  x 10") i n  

the s u b c a r r i e r  o s c i l l a t o r  ou tpu t  t o  d i s c e r n  v a r i a t i o n  i n  oxygen 

consumption. Due t o  d r i f t  and o t h e r  i n s t a b i l i t y  problems w e  

decided tha t  t h i s  o r i g i n a l  metabolic measurement approach w a s  

probably n o t  o p e r a t i o n a l l y  feas'sble. Accordingly, s e v e r a l  

other a l t e r n a t i v e  methods w e r e  examined and t e s t e d  for  s u i t -  

a b i l i t y  i n  the l abora to ry  as se t  f o r t h  below. 

Radioisotopic  measurement, using K r  a s  a 85 
trace gas i n  the oxygen supply, w a s  no t  s u i t a b l e  because of the 

i n a b i l i t y  t o  d i sc r imina te  s i g n i f i c a n t  count d i f f e r e n t i a l s  a t  

the low oxygen consumption rates. 
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E l e c t r o b i o p o t e n t i a l  measurements were attempted. 

T h e  s p r o u t ' s  c e l l u l a r  b i o p o t e n t i a l s  were measured b u t  the records 

obtained d i d  no t  correspond t o  known p a t t e r n s  of ox ida t ive  metabo- 

l i s m .  

i n t e r a c t i o n  degraded the d a t a  q u a l i t y  and c r e d i b i l i t y ,  

Also, problems of i n  j u r y  p o t e n t i a l  and spGcimen-electrode 

Temperature measurements of the p o t a t o  plug w e r e  

made i n  an at tempt  t o  d i s c e r n  temperature v a r i a t i o n s  a s  a func t ion  

of oxygen consumption. Though the method showed promise, the 

p e n a l t i e s  i n  equipment s i z e ,  weight and power w e r e  i n t o l e r a b l e .  

F i n a l l y ,  a two-stage r e g u l a t o r  conf igura t ion  

w a s  devised. T h i s  two-stage system f o r  supplying metabolic 

oxygen t o  t h e  organism permitted an improvement of 5 x 10 i n  

d a t a  r e s o l u t i o n  over that  of t h e  o r i g i n a l  s ing le-s tage  system. 

Figure 2 schemat ica l ly  r ep resen t s  the respirometer  employing the 

two-stage resupply technique. T h e  opera t ion  of t h i s  system is 

a s  follows. 

2 

T h e  f i r s t - s t a g e  b o t t l e  is charged w i t h  a s u f f i -  

c i e n t  supply of oxygen t o  provide f o r  the metabolic needs of the 

organism for  the 90 day du ra t ion  of the i n v e s t i g a t i v e  per iod .  

An i n t e g r a l  p r e s s u r e  r e g u l a t o r  c o n t r o l s  the o u t l e t  p re s su re  f r o m  

th i s  bot t le  a t  approximately 8 2 0  mm Hg abso lu te  pressure .  A 

so lenoid  va lve  i n  the supply l i n e  between the f i r s t - s t a g e  bo t t le  

and the second-stage b o t t l e  is provided t o  c o n t r o l  the flow of 

oxygen between these s t ages .  The second-stage bott le is iden t i -  

cal  t o  tha t  of the first-stage w i t h  the except ion of  the charge 
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p r e s s u r e  and the regula ted  o u t l e t  p ressure .  T h e  o u t l e t  p re s su re  

f r o m  the second-stage r e g u l a t o r  is s e t  t o  maintain a cons tan t  

p re s su re  of 770 mm Hg absolu te  i n  the  specimen chamber, A d i f f e r -  

e n t i a l  p re s su re  t ransducer  which is connected between t h e  speci-  

men chamber and the second-stage supply b o t t l e  provides  an out- 

p u t  s i g n a l  of 0-5.0 VDC f o r  a d i f f e r e n t i a l  p re s su re  range of 

0-0.3 p s i .  T h i s  ou tput  s i g n a l  is the modulating s i g n a l  for a 

vo l t age  c o n t r o l l e d  sub -ca r r i e r  o s c i l l a t o r  having a double band- 

w i d t h  of 20,000 cyc les  a t  a cen te r  frequency of 70 kHz, T h i s  

0-5.0 VDC s i g n a l  is a l s o  u t i l i z e d  t o  t r i g g e r  a s p e c i a l l y  developed 

s o l i d - s t a t e  switch for opening ‘the solenoid valve when the pres-  

s u r e  d i f f e r e n t i a l  between the specimen chamber and the second- 

s t a g e  b o t t l e  approaches zero.  T h e  valve remains  open, allowing 

oxygen t o  flow from the f i r s t - s t a g e  t o  the second-stage b o t t l e ,  

u n t i l  a p re s su re  d i f f e r e n t i a l  of 0.3 psi  (786 mm Hg abs.) has  

been re -es tab l i shed;  a t  which t i m e  it is au tomat ica l ly  c losed.  

The s i g n i f i c a n c e  of t h i s  approach is r e a d i l y  

apparent  - it permits  the monitoring of the rate of p re s su re  

change i n  t h e  second s t a g e  b o t t l e  which may be c o r r e l a t e d  t o  

oxygen consumption by the b i o l o g i c a l  specimen in  a zero  leak  

system. This  r a t e  of p re s su re  change is r e l a t i v e l y  r ap id  

because of the small  m a s s  of oxygen (approximately 0.25 m l @  

1 Atrnos STP) which must be metabolized t o  cause a f u l l  s c a l e  

(0-5.0 VDC) change i n  the output  s i g n a l  f r o m  the d i f f e r e n t i a l  

p r e s s u r e  t ransducer .  This r a p i d l y  changing s ignal ,  when p l o t t e d  

as a func t ion  of t i m e ,  p r e sen t s  a l i n e  s l o p e  such t h a t  r e l a t i v e l y  

s m a l l  changes in  consumption r a t e  are indica ted  by s i g n i f i c a n t  

changes i n  the s lope  of  the d i f f e r e n t i a l  pressure-time curve. 
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I n  t h e  l abora to ry  t h i s  information may be taken from the r e s p i r -  

ometer a s  ei ther a d i g i t a l  o r  an analog output  s i g n a l .  In  the 

former in s t ance  the output  frequency may be read o u t  by means 

of a frequency counter ,  and i n  the l a t t e r  the output  s i g n a l  from 

the d i f f e r e n t i a l  p re s su re  t ransducer  may be fed t o  a s t r i p  chart 

recorder  o r  t o  a d i g i t a l  vol tmeter  f o r  continuous monitoring of 

the rate of oxygen consumption. 

8 

2.2.2 Development and T e s t  

One respiromet-er of t h i s  conf igura t ion  was fabri- 

ca t ed  and placed i n  opera t ion  demonstrating both  pro to type  funct ion 

and problems. subsequently t h r e e  o t h e r  devices  w e r e  f ab r i ca t ed  

and a l l  four  placed on l i n e  w i t h  the purpose of c o l l e c t i n g  bio- 

logic  data over a s u f f i c i e n t  t i m e  per iod  t o  demonstrate the 

s u i t a b i l i t y  of the device  t o  achieve experiment ob jec t ives .  A 

number of major development problems ( s i n g l y  and i n  combination) 

occurred dur ing  the subsequent months. Typical  of development 

problems, causes w e r e  no t  always e a s i l y  related t o  effects: 

indeed, t h e  observed discrepancy was o f t e n  a mani fes ta t ion  two 

o r  three t i m e s  removed from the primary problem. Furthermore, 

problems once thought t o  be "solved" reappeared i n  o t h e r  gu i se s ,  

s o m e t i m e s  r e - i n i t i a t e d  by a " f i x "  t o  y e t  another  problem. The  

sequence of  events  and t h e i r  s o l u t i o n  is important on ly  i n  con- 

text  of t h e  epistemology of technologic  development; neverthe- 

less, the problems should be descr ibed.  

- Leakage. I n t e r n a l  leakage (usua l ly  in t e rp re -  

table as l o w  oxygen consumption) and e x t e r n a l  leakage (usua l ly  
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i n t e r p r e t a b l e  a s  h igh  oxygen consumption) w a s  an e a r l y  problem. 

I f  both types  of  leakage were combined, the d a t a  w a s  i n t e rp re -  

table as e i ther  high o r  l o w  consumption, depending upon the ra te  

and ra te  of change of each leakage type. T h i s  d i f f i c u l t y  was 

p a r t i c u l a r l y  puzzl ing a t  first,  b u t  a s  e x t e r n a l  leakage w a s  con- 

t r o l l e d  the "combined leak" i n t e r p r e t a t i o n s  w e r e  no longer of 

concern 

I 

Externa l  leakage was reduced t o  a minimum by 

des ign ,  materials and handling techniques.  Design approaches 

fea tured  a minimum of e x t e r n a l  'leak p o i n t s  combined w i t h  ind iv i -  

d u a l  j unc t ion  design f e a t u r e s .  "Edge-in-groove" seals ( w i t h  an 

O-ring in  t h e  groove) w e r e  used a s  o f t e n  as p o s s i b l e  w h i l e  o t h e r  

conf igu ra t ions  (and p a r t i c u l a r l y  "edge-to-side" seals) were 

avoided. A v a r i e t y  of O-ring m a t e r i a l  w e r e  t r i e d  including 

malleable  m e t a l ,  organo-metall ics,  and n a t u r a l  and s y n t h e t i c  

polymerics.  A Neoprene v a r i e t a l  f i n a l l y  proved most s a t i s f a c t o r y .  

O t h e r  an t i - leak  m a t e r i a l s  included the use  of s t a i n l e s s  s teel  

(wherever p o s s i b l e )  and hard aluminum a l l o y s ,  surface-hardened 

a f te r  machining. J o i n t s  and junc t ion  s e a l s  were c a r e f u l l y  

greased and/or cemented, and re -sea l ing  w a s  kept  t o  a minimum 

t o  reduce g a l l i n g  and s p a l l i n g .  By means of these design,  ma te r i a l  

and handl ing precaut ions  e x t e r n a l  leakage w a s  con t ro l l ed  so that  

a "zero-leak" system evolved; f . e . ,  w i t h  the instruments a v a i l -  

able, w e  w e r e  unable t o  detect the e x t e r n a l  leakage p resen t .  

Solenoid Valve. Commercially a v a i l a b l e  solenoid 

va lves  proved u n s a t i s f a c t o r y  because of cost  or u n r e l i a b i l i t y ,  
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o f t e n  a c t i n g  as  r e g u l a t o r s  r a t h e r  than va lves ,  s t i c k i n g  open or  

s h u t  and i n  genera l  f a i l i n g  t o  m e e t  the  r igorous  requirements of 

t h i s  system, s e v e r a l  design approaches w e r e  t e s t e d  t o  determine 

the best conf igu ra t ion ,  

s e a t i n g  and unseat ing a b a l l ,  w a s  r e j e c t e d  because of an unaccept- 

ab ly  wide dead-band i n  the s p r i n g ' s  c h a r a c t e r i s t i c s  e A "magnet- 

loaded-shut" solenoid was a l s o  developed using a permanent magnet 

ins tead  of the conventional s p r i n g ,  T h i s  proved u n s a t i s f a c t o r y  

because of q u a l i t y  c o n t r o l  problems i n  balancing each permanent 

magnet's force a g a i n s t  each electro-magnet 's  force ,  F ina l ly ,  a 

A solenoid-driven belleGille spr ing ,  

modified approach t o  the conventional so lenoid  conf igura t ion  

proved most success fu l ,  T h i s  u t i l i z e d  a short sp ind le  w i t h  

numerous t u r n s  genera t ing  one pound a t  zero gap, Higher fo rces  

w e r e  de s i r ed  t o  provide better s e a l i n g  b u t  could n o t  be generated 

without unacceptable weight, h e a t  and power p e n a l t i e s  Despi te  

t h i s  inadequacy, t h e  device  proved t o  be func t iona l ly  s a t i s f a c t o r y ,  

T h i s  second genera t ion  valve is cha rac t e r i zed  by: f a b r i c a t i o n  

f r o m  non-oxidative ma te r i a l s :  e x t e r n a l  f i n e  c o n t r o l  of gas f l o w ;  

e l imina t ion  of p o t e n t i a l  l eak  p o i n t s  by plumbing redesign;  and, 

f i n a l l y ,  a more p o s i t i v e  valve c losu re  a s su r ing  no i n t e r n a l  

leakage. T h i s  so lenoid  r o u t i n e l y  allows c o l l e c t i o n  of about 

.45 - 50 days of continuous d a t a  w i t h  no so lenoid  dysfunct ion,  

Regulators ,  A f t e r  t h e  i n i t i a l  problems asso- 

c i a t e d  w i t h  t h e  anaeroid design and development had been resolved,  

it became clear tha t  a major and p e r s i s t e n t  problem would be t h e  

h y s t e r e s i c  response c h a r a c t e r i s t i c  of t h e  r e g u l a t o r s ,  T h i s  

c h a r a c t e r i s t i c  a rose  from the f a c t  t h a t  the fo rces  requi red  t o  

unsea t  the r egu la to r  va lvep  upon demand by t h e  anaeroids ,  some- 

t i m e s  exceeded t h e  fo rces  a v a i l a b l e ,  because of the small  p re s su re  
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d i f f e r e n t i a l s  being sensed. T h i s  problem of inadequate force 

was not  p a r t i c u l a r l y  bothersome i n  the f irst  s t a g e  r e g u l a t o r  

where i n l e t  and o u t l e t  p re s su re  d i f f e r e n c e s  a r e  s m a l l  (5  6 mm Hg). 

The amount of  force  t h a t  can be generated by a sAall anaeroid 

bellows across t h a t  p re s su re  d i f f e r e n t i a l ,  coupled w i t h  the 

n e a r l y  balanced gas p re s su re  on either side of the valve,  b a r e l y  

s e r v e  t o  unseat  va lve  e s p e c i a l l y  when the va lve  -- must be essen- 

t i a l l y  zero  leak .  The l a t t e r  c o n s t r a i n t  implies  ei ther high sea t -  

ing  fo rces  o r  a l t e r n a t i v e l y ,  extremely t i g h t  f i t t i n g  va lve  faces .  

S ince  the force was n o t  a v a i l a b l e ,  development e f f o r t s  centered 

on e x c e l l e n t  s e a l  designs . 

__I- 

PI__ 

T h e  then c u r r e n t  s t a t e  of the a r t  i n  valve 

technology w a s  a k n i f e  edge va lve  a g a i n s t  a deformable s e a t .  

T h e  design evolved i n t o  a c i r c u l a r  k n i f e  edge a g a i n s t  a r i n g  

seat ,  w i t h  the gas p a t h  a s  ind ica ted  i n  Figure 3, T h e  dimensions 

involved a r e  small: maximum diameter  of the r i n g  s e a t  is 0.5 cm;  

the diameter of the ho le ,  A, is .0635 cm.  A major problem quickly  

w a s  i d e n t i f i e d :  i f  the fo rce  irtibedding the c i r c u l a r  k n i f e  edge 

i n t o  the r i n g  seat  was s u f f i c i e n t  t o  a s su re  zero leak, then the 

force needed t o  e x t r a c t  it was more than the anaeroid bellows 

could genera te  a t  the low p res su re  d i f f e r e n t i a l s  encountered i n  

the second s t a g e  r egu la to r .  The problem manifested i tself  i n  

h y s t e r e s i c  r e g u l a t o r  behavior;  i .e , ,  an undesirably l o w  p re s su re  

had t o  develop in  the low p res su re  side of the r e g u l a t o r  be fo re  

enough f o r c e  w a s  generated by the anaeroid bellows t o  e x t r a c t  

the c i r c u l a r  k n i f e  edge f r o m  the r i n g  seat. T h e  n e t  r e s u l t  w a s  

t o  d i s t o r t  the r e s u l t i n g  r e sp i romet r i c  d a t a ,  making it appear 

tha t  the specimen w a s  r e s p i r i n g  a t  a slower ra te  than w a s ,  i n  

fact ,  the case. 
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G a s  Path 

Figure 3. 

Cross Section of C i r c u l a r  Knife Edge Valve A g a i n s t  R i n g  Seal 
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T h e  s o l u t i o n  t o  the problem, it seemed c l e a r ,  

w a s  i n  s e l e c t i o n  of k n i f e  edge conf igura t ions ,  materials and 

su r faces  and r i n g  s e a t  ma te r i a l s ,  opt imizing f o r  s e a l i n g  eff ic i -  

ency as a func t ion  of s e a l i n g  forces. 

developed by l a t e  1968 - e a r l y  1969 were no t  r e a l l y  s a t i s f a c t o r y ,  

r e q u i r i n g  much " a r t "  t o  produce acceptab le  r e s u l t s .  Accordingly, 

i n  e a r l y  1969, a t o t a l l y  new approach w a s  attempted using a push- 

rod-ball-bevel seat design.  

T h e  best &ombinations 

The  new concept proposed a ba l l  and a lapped 

s e a t ,  both of s u f f i c i e n t  hardneks and smoothness t o  produce zero  

leak a t  l o w  forces  w i t h  low f l o w s  and high r egu la to ry  p rec i s ion .  

S t a i n l e s s  s t e e l ,  q u a r t z ,  ruby and sapphi re  b a l l s  a g a i n s t  a v a r i e t y  

of m e t a l l i c  s e a t s  w e r e  t r i e d ,  b u t  without no tab le  success  because 

of deformation, s p a l l i n g ,  d i r t  and the l ike .  

W e  w e r e  forced t o  r e t u r n  t o  v a r i a t i o n s  on the 

i n i t i a l  theme, concent ra t ing  on "semi-soft" seating ma te r i a l s  

and high q u a l i t y  c o n t r o l  i n  p repa ra t ion  of the s e a t .  Two cur- 

r e n t l y  acceptab le  approaches are ou t l ined  below. 

One acceptab le  approach c o n s i s t s  o f  the o r i g i n a l  

c i r c u l a r  k n i f e  edge of s t a i n l e s s  steel ,  p re s s ing  a g a i n s t  a r i n g  

seal  made of Dow Corning 3116 s i l a s t i c  polymer which has  only 

r e c e n t l y  become a v a i l a b l e .  The  r i n g  s e a l  is prepared using the 

following technique: a lapped-smooth g l a s s  su r face  is pressed  

a g a i n s t  an excess of 3116 poured i n t o  the r i n g  seal  groove. 

When the polymer has ' 'set-up", the g l a s s  is removed, leaving 
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behind an acceptably smooth s u r f a c e  f o r  engagement by the k n i f e  

edge. Another success fu l  v a r i a t i o n  of t h i s  technique is t o  flow 

a t h i n  l a y e r  of 3116 i n t o  the r i n g  seal groove. I f  done properly,  

a r e s i l i e n t ,  good seal develops which does n o t  ikbed the k n i f e  

edge. Evident ly ,  bo th  of these v a r i a t i o n s  r e q u i r e  s u b s t a n t i a l  

" a r t ,  I '  and so a r e  ( r e l a t i v e l y )  undesirable .  

The second acceptab le  approach uses a sheet of 

n a t u r a l  la tex 0.023 c m  thick fastened t o  t h e  top  of the r i n g  s e a l  

groove w i t h  Eastman 110 adhesive. A f t e r  drying,  excess l a t e x  is 

trimmed away and a ho le  about 0''.005 c m  is punched i n  the sheet 

us ing  the gas passage a s  a guide for a sha rp ly  honed s t r a i g h t  

s u r g i c a l  needle ,  

2 .3  Multispecimen Respirometer Development Review 

Late in  1965, the O f f i c e  of  Space Sciences and Applica- 

t i o n s  determined tha t  the development of a multispecimen r e s p i r -  

ometer w a s  d e s i r a b l e .  The  determinat ion w a s  based on bio- 

s t a t i s t i c a l  cons idera t ions .  While weight, power and volume con- 

s t r a i n t s ,  i n  some space f l i g h t  s i t u a t i o n s ,  might decree t h a t  

on ly  one specimen could be flown, it is c l e a r  t h a t  c r e d i b i l i t y  

of experimental  r e s u l t s  are improved by l a r g e r  samples, where 

s p a c e c r a f t  requirements a r e  not"  so r e s t r i c t i v e .  Accordingly, 

the development of a multispecimen device  w a s  begun i n  e a r l y  

1966, as ou t l ined  below, 

18 



2.3.1 Design 

The design o b j e c t i v e s  w e r e  e s s e n t i a l l y  i d e n t i c a l  
e 

t o  those established f o r  the s i n g l e  specimen device as descr ibed 

i n  2.2.1,  above. The p r i n c i p a l  addi t iona l  requirement w a s  t h e  

need t o  support  and measure a b i o s t a t i s t i c a l l y  s i g n i f i c a n t  sample. 

T h i s  requirement pred ica ted  a n n  of t e n  o r  more t o  allow a t  least  

n ine  degrees  of freedom thus  pe rmi t t i ng  use  o f  the " s m a l l  sample" 

b i o s t a t i s t i c a l  techniques of Y a t e s ,  Fisher and o t h e r s .  To account 

for  t h e  p o s s i b i l i t y  t ha t  one specimen might exp i r e  dur ing  the 

f l i g h t  experiment and s t i l l  leave  an n of  t en ,  eleven specimens 

w e r e  the minimum number needed. When contemplating a minimum 

number of e leven,  p r a c t i c a l  l ayout  cons idera t ions  then d i c t a t e d  

the use of  twelve specimens, each i n  ind iv idua l  chambers arranged 

i n  two concent r ic  r i n g s  of s ix  each.* 

The l i f e  support  system f o r  twelve specimens 

used mul t ip l e s  of the s i n g l e  ce l l  technology: Le . ,  each ce l l  

w a s  suppl ied  from its own second s t a g e  r e g u l a t o r  and oxygen 

s t o r e .  These, i n  t u r n ,  were fed oxygen by a series of  so lenoids  

modulating gas f l o w  from a s i n g l e  f irst  s t a g e  r egu la to r  and pri-  

.mary oxygen supply. T h e  need t o  supply and measure ind iv idua l  

l i f e  cel ls  requi red  the design of a commutating valve.  The 

problems presented by developmfht and f e a s i b i l i t y  t e s t i n g  of 

this design a r e  descr ibed below. 

* 
For i l l u s t r a t i o n  of the layout  see Figure 2 of 
S/D Technical Report TR67-101 da ted  8 February 
1967, submit ted earlier. 
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2.3.2 Development and T e s t  

Most of t h e  problems discussed 2.2.2,  above, 

apply also t o  t h e  multispecimen conf igura t ion .  I n t e r n a l  and 

e x t e r n a l  leakage, r e g u l a t o r  h y s t e r e s i s  and solenoid problems 

w e r e  p r e s e n t  during the development and tes t  of the "multispud" 

system, b u t  no t  w i t h  the frequency and s e v e r i t y  encountered i n  

the s i n g l e  ce l l  system because of improved understanding based 

on the s i n g l e  ce l l  experience.  Two major problems w e r e  encoun- 

t e r e d ,  however, a s  ou t l i ned  below. 

Rotat inq Valve. The  design of the valve was 

s t r a igh t fo rward ;  on ly  one real  design concept recommended i t se l f .  

The design w a s  simple, r equ i r ing  only the alignment of  a series 

of " s t a t i o n a r y "  ho le s  i n  the body of the va lve  w i t h  a "mobile" 

h o l e  i n  the r o t a r y  s e c t i o n  of the valve.  But when the require-  

ment f o r  "zero  leak"  is  imposed the p o t e n t i a l  problems became 

formidable. Accordingly, the design was optimized for  zero leak 

d e l i b e r a t e l y  accept ing  some p e n a l t i e s  i n  weight, volume and power. 

A f t e r  t h a t  dec i s ion  the reduct ion t o  p r a c t i c e  i n  development and 

tes t  depended upon t h e  i d e n t i f i c a t i o n  of appropr i a t e  and s u f f i -  

c i e n t  technology. T h e  small  s i z e  of t h e  ho le s  (0.064 c m ,  - + .01) 
and t h e  precise h o l e  alignment requi red  (0.5 - + 15 sec.) t o  

a s s u r e  zero  l eak  requi red  tha t  class 1000 o r  better c l e a n l i n e s s  

0 

be maintained a t  the valve face.  I f  d i r t  d i d  in t rude  high hard- 

nes s  va lves  a t  the faces  w e r e  requi red  t o  avoid " leaky" scratches. 

T h e  zero leak requirement i tself  demanded e x c e l l e n t  f i n i s h e s .  

Eventual ly  these requirements f o r  f i n i s h  and hardness r e s u l t e d  i n  

the following use of h igh  technology i n  va lve  configurat ion:  
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Valve Body: Mater ia l :  661 T6 Aluminum, 
H a r d  anodized 

Fla tness :  3.0 helium wavelengths 

Finish:  3.0 microns 

Valve R o t o r :  Material: 440 C s t a i n l e s s  Steel, 
Heat treated t o  61-62 Range 
on the "6" Scale  

Flatness:  1.0 helium wavelength 

Finish:  0.5 microns 

One o t h e r  problem intruded: "grease" of any 

o r i g i n .  Human s k i n  o i l s ,  o rganic  veh ic l e s  i n  lapping compounds, 

stopcock greases ,  j o i n t  s e a l a n t s ,  etc.,  e t c . ,  i n  even minute 

amounts served t o  "hang" the r o t a r y  valve.  T h i s  increased 

torques  on the r o t a r y  d r i v e  motor r e s u l t i n g  i n  overheat ing and 

s t a l l i n g .  Rigorous c l e a n l i n e s s  using C l a s s  1000 o r  better 

technique and water f i n a l  wash e s s e n t i a l l y  managed th i s  problem. 

2 .4  Summary Evaluation 

T h e  development of the respirometer  systems, on the 

whole, w a s  success fu l .  T h e  e f f o r t  r e s u l t e d  i n  t h e  design,  devel-  

opment and l abora to ry  u t i l i z a t i o n  of a new genera t ion  of micro- 

resp i rometers  of  unequalled s e n s i t i v i t y  and accuracy ( a s  a 

func t ion  of s i z e ,  weight, volume and power) when compared t o  

other r e sp i romet r i c  devices .  Their a b i l i t y  t o  support  simple 

organisms for  long per iods  (weeks/months) under r igo rous ly  con- 

t r o l l e d  environmental condi t ions  is a l s o  probably unequalled 
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even by l abora to ry  devices  much more complex, d e l i c a t e  and expen- 

s i v e  ( i n  both  basic c o s t  and ope ra t iona l  cost) .  

The p r i n c i p a l  technologic  inadequacy ok the system 

is  the ( r e l a t i v e )  u n r e l i a b i l i t y  of  the second s t a g e  r e g u l a t o r  

and i t s  r e l i a n c e  on ' ' a r t "  i n  the seals. 

The p r i n c i p a l  program inadequacy w a s  the ( r e l a t i v e )  

cos t - ine f f ec t iveness  of the e f for t .  Because the c o n t r a c t  support  

suppl ied each year  was small  (less than $40,000 p e r  year)  there 

w a s  never enough money t o  a t t a c k  the problems f r o n t a l l y  and 

s imultaneously using a systems engineer ing approach. Instead,  

a " p a r t i a l  s o l u t i o n "  engineer ing approach w a s  imposed which, 

i n  t h e  long run, cost more t i m e  and more money. 

In  cost b e n e f i c i a l  t e r m s ,  however, the program was a 

success .  The goal  and m o s t  of  the ob jec t ives  were a t t a i n e d  

demonstrating the f e a s i b i l i t y  of such a device  f o r  space f l i g h t .  

The benef i t  der ived  w a s  the technologic  e x p e r e n t i a l  base (both 

p o s i t i v e  and negat ive)  which permit ted t h e  subsequent h ighly  

success fu l  development (under another  c o n t r a c t )  of  a space- 

f l i g h t - q u a l i f  ied microrespirometer f o r  space biology experi-  

ments. 

22  



3.0 GRAVITY AND NEUROHYPOPHYSEAL SECRETORY ACTIVITY 

3.1 B io log ica l  Review and Rationale* 

The supraopt ic  and p a r a v e n t r i c u l a r  n u c l e i  of the hypo- 

thalamus are connected by a bundle of nonmyelinated nerve fibers 

t o  the neura l  lobe o f  the hypophysis. T h e  func t ion  of  th i s  

hypothalamo-hypophyseal system w a s  discovered by  Fisher and 

Ingram and confirmed by more r e c e n t  s t u d i e s  showing tha t  the 

p o s t e r i o r  lobe hormones are synthesized i n  the supraopt ic  and 

p a r a v e n t r i c u l a r  nuc le i ,  o r  i n  the p r e o p t i c  n u c l e i  of lower ve r t e -  

brates. T h e  hormones are s e p a r a t e l y  "packaged" i n  s m a l l  s e c r e t o r y  

granules  i n  a s s o c i a t i o n  w i t h  a l a r g e r  c a r r i e r  p r o t e i n  molecule 

and migrate  down nerve fibers, u l t i m a t e l y  accumulating i n  the 

posterior lobe of the p i t u i t a r y .  T h i s  accumulation of  granules  

i n  neurohypophyseal nerve endings is taken as evidence tha t  neuro- 

s e c r e t o r y  material is t ranspor ted  d i s t a l l y  by axoplasmic f l o w .  

The mechanism (s) by which granule  migration o r  axoplasmic 

f l o w  occurs is no t  known and c o n s t i t u t e s  an important b i o l o g i c  

ques t ion .  Because of the anatomic r e l a t i o n s h i p  of  the hypothalamus 

and hypophysis, it appears reasonable  tha t  g r a v i t y  might w e l l  have 

a r e s p o n s i b i l i t y  i n  the migrat ion of these neurosecretory granules;  

i f  it does no t ,  other mechanism; c o n t r o l l i n g  flow must be respon- 

sible. There are arguments suggest ing t h a t  the combined c a r r i e r  

* 
For a more complete d i scuss ion  and b ib l iog raph ic  c i t a t i o n ,  see 
S/D Technical Proposals P69-171, dated 19 March 1969, and P70- 
129A, da ted  18 September 1970, submitted ear l ier .  
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p r o t e i n  and hormone package may be j u s t  large enough t o  be 

a f f e c t e d  by Newtonian forces rather than the Brownian dynamics, 

d i f f e r e n t i a l  concent ra t ion  or a c t i v e  t r a n s p o r t  mechanisms u s u a l l y  

implicated i n  molecular t r a n s p o r t a t i o n .  A t  any rate, there is 

s u f f i c i e n t  evidence t o  warrant an empiric t es t  of the role of 

g r a v i t y .  

* 

Cer ta in ly ,  t h e  pragmatic s i g n i f i c a n c e  of the work is 

evident :  weight lessness  causes w a t e r  loss and s e v e r a l  mechanisms 

have been implicated.  But, as c a t e g o r i c a l l y  stated by Academi- 

c i a n  V. Par in  i n  a r ecen t  a r t ic le  on l i f e  i n  o r b i t a l  s t a t i o n s  

" . . .st i l l  w e  do n o t  know why the organism is dehydrated i n  

weight lessness .  I' Par in  impl ica tes  g r a v i t y  and it is p o s s i b l e  

t h a t  the hypothalamus is involved. With deeper understanding 

of  g r a v i t y ' s  r o l e  i n  hypothalamic s e c r e t i o n ,  important b e n e f i t s  

i n  aerospace and t e r r e s t r i a l  medicine may be r e a l i z e d .  

T o  determine the p r e c i s e  role g r a v i t y  p l ays  i n  neuro- 

s e c r e t o r y  granule  migrat ion w e  proposed tha t  the physiology of  

the hypothalamo-hypophyseal system be s tud ied  under a v a r i e t y  of 

modes i n  the one-G environment. The  tes t  animal chosen f o r  these 

. s t u d i e s  w a s  f r e s h  water teleosts. Fishes have a d i s t i n c t  advan- 

t a g e  over other v e r t e b r a t e s  s i n c e  their  o r i e n t a t i o n  t o  g r a v i t y  

can be altered w i t h  l i t t l e  d i f f i c u l t y ,  thereby allowing g r a v i t y  

t o  a c t  on the hypothalamo-hypophyseal system i n  a v a r i e t y  of 

axes. 

The organ of equi l ibr ium i n  fishes is loca ted  i n  the 

p a r s  supe r io r  and c o n s i s t s  of the semic i r cu la r  cana ls  and their 
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ampullae and a sac-like v e s i c l e ,  t h e  u t r i c u l u s .  In bony f i s h e s  

the u t r i c u l u s  conta ins  an o t o l i t h  called the l a p i l l u s .  T h e  

l a p i l l u s  rests h o r i z o n t a l l y  on the h a i r s  of the sensory cel ls  

of  the c r i s t a  u t r i c u l i  and responds t o  the force’of  g r a v i t y ,  

thereby s t imu la t ing  the sensory ce l l s  of  the cristae. This 

s t imu la t ion  of ha i r  cells works i n  conjunct ion w i t h  sensors  i n  

the lower p o r t i o n  of the r e t i n a  t o  maintain balance.  Thus, w i t h  

both eyes and u t r i c u l i  i n t a c t ,  l i g h t  f r o m  above and g r a v i t a t i o n a l  

force from below keep the f i sh  o r i e n t e d  i n  an up r igh t  p o s i t i o n .  

I f  one u t r i c u l u s  is rdmoved, o r  a s t rong  b e a m  of l i g h t  

is directed toward t h e  f i s h  a t  r i g h t  angles ,  ins tead  of from 

above, the f i s h  can be made t o  l ean  t o  one side o r  t h e  other. .  

When a f ish has i t s  u t r i c u l i  removed from both  inner  e a r s ,  it 

can be made t o  s w i m  a t  a 90 angle  t o  the normal g r a v i t a t i o n a l  0 

f i e l d  i f  i l lumina ted  from the s i d e , o r  even upside down i f  l i g h t e d  

f r o m  below. 

U t i l i z i n g  these techniques,  w e  have i n i t i a t e d  a s tudy  

t o  vary p r e c i s e l y  the d i r e c t i o n  of g r a v i t a t i o n a l  fo rce  r e l a t i v e  

t o  the anatomic a x i s  of  the  hypothalamo-hypophyseal system. Our 

; intent is t o  assess t h e  inf luence  of a l t e r e d  g r a v i t a t i o n a l  or ien-  

t a t i o n s  on neurosecretory granule  r egu la t ion .  The next  s e c t i o n  

desc r ibes  the work a l r eady  completed. 

3.2 R e v i e w  of Research t o  D a t e  

During e a r l y  work i n  1966-1967, the major e f for t s  w e r e :  

des ign  of an environmental c o n t r o l  system; development of s u r g i c a l  
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procedures f o r  b i l a t e r a l l y  e l imina t ing  the u t r i c u l i  i n  f i s h ;  and 

inducing voluntary  r e -o r i en ta t ion  r e l a t i v e  t o  the Earth 's  grav i -  

t a t i o n a l  f i e l d  w i t h  altered l i g h t  cues.  

An e l e c t r o n i c  method (based upon v a r i a b l e  impedance) 

w a s  designed which continuously assessed and recorded the posi-  

t i o n  of  the f i s h  r e l a t i v e  t o  g r a v i t y .  T h i s  sensor  was incor- 

pora ted  i n t o  the w a l l s  of a P l ex ig l a s s  environmental chamber. 

W a t e r  continuously flowed through t h i s  chamber a t  a con t ro l l ed  

ra te  producing s l o w  swimming movements of the fish and consequent 

h o r i z o n t a l  (G ) o r i e n t a t i o n  i n  the f i e l d .  Light  en tered  t h e  

chamber through a narrow t r a n s l u c e n t  s t r i p e  along the long axis 

on the s i d e  of  the otherwise opaque chamber. I n  our labora tory ,  

fishes, s u r g i c a l l y  deprived of t h e i r  i n n e r  ear mechanisms, o r i -  

ented t o  t h i s  e x t e r n a l  l i g h t  s t imulus .  By gradual  r o t a t i o n  of 

the chamber and i t s  t r a n s l u c e n t  s t r i p e  the p o s i t i o n  of the f ish 

r e l a t i v e  t o  the G f i e l d  was a l t e r e d .  

X 

The removal of l a b r i n t h i n e  s t r u c t u r e s  is performed by 

making a s m a l l  i n c i s i o n  3 mm behind each eye i n  f i sh ,  anesthe- 

t i z e d  w i t h  MS222 and c a r e f u l l y  removing the v e s t i b u l a r  s t r u c t u r e s  

w i t h  d i s s e c t i n g  forceps.  The e n t i r e  procedure is done with the 

a i d  of a d i s s e c t i n g  microscope. Within minutes the f i s h  is s w i m -  

ming i n  a tumbling manner, completely d i so r i en ted .  T h i s  behavior 

cont inues u n t i l  the t h i r d  day when the f i s h  begins  o r i e n t i n g  

toward the s i n g l e  b r i g h t  l i g h t  source i l lumina t ing  the ocherwise 

darkened aquarium. It is a t  t h i s  t i m e  the operated f ish also 

begins  e a t i n g  and i n t e r a c t i n g  w i t h  other f i s h  i n  the aquarium. 
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A l l  behavior appears normal except f o r  t h e  o r i e n t a t i o n  of t h e  oper- 

ated f i s h .  A s  t h e  l i g h t  source is incremental ly  moved around t o  

t h e  bottom of t h e  aquarium, t h e  operated f i s h  again demonstrates 

d i s o r i e n t e d  swimming behavior,  b u t  soon " locks  gn" the l i g h t  and 

s w i m s  inver ted .  

A photograph i l l u s t r a t i n g  t h e  behavior of an operated 

f i s h  cont inuously o r i e n t i n g  t o  a l i g h t  source a t  t h e  bottom of a 

s tandard aquarium can be found i n  TR69-103, da ted  6 March 1969, 

submitted ear l ier .  The labryinthectomized f i s h  is a t  center :  

n o t e  t h e  inver ted  p o s i t i o n ,  r e r a t i v e  t o  h i s  unoperated fel lows 

a t  upper l e f t  and upper r i g h t .  

During t h e  per iod 1967 - 1968 t h e  r e -o r i en ta t ion  s t u d i e s  

wi th  f i s h  continued, b u t  t h e  major e f f o r t  was d i r e c t e d  t o  t h e  bio- 

chemical i n v e s t i g a t i o n s  needed t o  de te rmine  t h e  presence of vaso- 

p r e s s i n  i n  the neurohypophysis. The ob jec t ives  w e r e  to: synthe- 

s i z e  arginine-vasotocin ( t e l e o s t  vasopress in)  ; develop an t ibodies  

t o  t h e  synthesized hormone: t a g  t h e  antibody w i t h  a f luo resc ing  

molecule; and, p r e l i m i n a r i l y ,  determine c r o s s - r e a c t i v i t y  of t h e  

antibody wi th  t h e  endogenous hormone. 

T h e  accura te  bio-assay of arginine-vasotocin i n  t i s s u e  

s e c t i o n s  taken from t h e  hypothalamus , infundibulum and neuro- 

hypophysis of f i s h e s  exposed t o  d i f f e r e n t  g r a v i t a t i o n a l  o r i en ta -  

t i o n s  w a s  necessary f o r  the assessment of  g r a v i t a t i o n a l  e f f e c t s  

on neurosecretory r egu la t ion .  There is  no good procedure f o r  

the d e t e c t i o n  and assay of endogenous arginine-vasotocin p r i o r  

t o  i t s  release from t h e  p i t u i t a r y .  Gormori's chrome hematoxylin 
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and other h i s t o l o g i c  s t a i n s  lack s p e c i f i c i t y  and cannot be used 

w i t h  confidence t o  s e l e c t i v e l y  i d e n t i f y  vasotocin neurosecretory 

granules .  I t  was, t h e r e f o r e ,  proposed i n  the second phase tha t  

a new approach, u t i l i z i n g  f luo rescen t  antibody tkchniques, be 

undertaken t o  assay arginine-vasotocin a t  i t s  sites of syn thes i s ,  

t r a n s p o r t  and s torage .  

The l o c a l i z a t i o n  of an endogenous hormone by i ts  spe- 

c i f i c  antibody depends on the a v a i l a b i l i t y  of t h i s  hormone t o  

produce an t ibodies .  Arginine-vasotocin, i n  t e l e o s t  p o s t e r i o r  

p i t u i t a r y  e x t r a c t s ,  had been synthesized by Katsoyannis and 

du Vigneaud b u t  d i scuss ions  w i t h  Professor  du Vigneaud and Sandoz 

Pharmaceuticals revealed t h a t  t h i s  oc tapept ide  was no longer 

a v a i l a b l e  i n  a s y n t h e t i c  form. P u r i f i c a t i o n  of t h i s  hormone from 

f i sh  p i t u i t a r i e s  had been worked ou t ,  however, and w a s  straight- 

forward. W e ,  therefore, proposed t o  p u r i f y  arginine-vasotocin 

f r o m  crude p i t u i t a r y  e x t r a c t s  u t i l i z i n g  Rasmussen's techniques 

and use t h i s  m a t e r i a l  t o  produce an t ibodies  f o r  the f luo rescen t  

antibody assay  of  endogenous hormone i n  experimental  and c o n t r o l  

f ish.  W e  soon discovered,  however, tha t  the amount of  hormone 

necessary f o r  antibody production proved t o  be in  excess of  tha t  

which could be reasonably p u r i f i e d .  Consequently, w e  undertook 

the syn thes i s  of arginine-vasotocin i n  our l abora to ry  u t i l i z i n g  

the Mer r i f i e ld  technique. By l a t e  1968 w e  had success fu l ly  synthe- 

s i z e d  and p u r i f i e d  two p repa ra t ions  of the a c t i v e  hormone f o r  an t i -  

body production. 

The  a n t i g e n i c i t y  of vasopressin,  oxytocin and arginine-  

vaso toc in  has been ques t ionable  due t o  their  low molecular weights. 

Recently, however, Spragg, e t  a l ,  s u c c e s s f u l l y  produced an t ibodies  
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t o  bradykinin (n ine  amino ac ids )  through bo th  coupling and 

polymerizat ion techniques.  W e  u t i l i z e d  Freund’s adjuvant and 

employed s i m i l a r  and polymerization methods t o  determine the 

best procedure f o r  making an t ibod ie s  t o  arginineLvasotocin.  

These an t ibod ie s  w e r e ,  i n  t u r n ,  used t o  detect endogenous 

vasopress in  by l a b e l i n g  the molecules w i t h  a f luo rescen t  t a g  

and s e l e c t i v e l y  s t a i n i n g  s e c t i o n s  of hypothalamus, infundibu- 

lum and p i t u i t a r y .  Rabbits w e r e  innoculated w i t h  s y n t h e t i c  

arginine-vasotocin and antibody a c t i v i t y  w a s  determined pe r i -  

o d i c a l l y ,  using the r i n g  test .  T i t e r s  were pooled and the 

g lobu l in  f r a c t i o n s  pu r i f i ca t ion . :  was attempted, using the Ethodin 

(Rivanol) procedure descr ibed by H o r e j s i  and Semtana. 

Anti-arginine vasotocin was coupled w i t h  Rhodamine 

B-200 (a  f luo rescen t  t a g )  and the conjugated g lobul in  w a s  chro- 

matographed on a Sephadex G-25 column w i t h  phosphate buf fered  

s a l i n e  (pH 7 .2 )  f o r  p u r i f i c a t i o n .  The conjugated g lobu l in  was 

subsequently s to red  i n  a frozen s t a t e  u n t i l  used t o  i d e n t i f y  

endogenous arginine-vasotocin i n  t h e  hypothalamo-neurohypophy- 

seal system of angel f i s h  (Petrophyllum s c a l a r e ) .  But because 

of l o w  y i e l d s  of our s y n t h e t i c  arginine-vasotocin,  w e  a l s o  made 

an t ibod ie s  i n  goa t s  t o  commercially a v a i l a b l e  oxytocin i n  the 

belief t h a t  these an t ibod ie s  would c ros s - r eac t  w i t h  endogenous 

f i s h  arginine-vasotocin thereby*.enhancing our f luo rescen t  a n t i -  

body s t a i n i n g  c a p a b i l i t y .  W e  tagged these an t ibod ie s  and de te r -  

mined their  cross r e a c t i v i t y .  

I n  add i t ion  t o  the above, w e  e s t ab l i shed  a l a r g e  (530 

gallon) holding f a c i l i t y  t o  house f i s h  a t  con t ro l l ed  environmental 
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condi t ions  thereby enabl ing us  t o  grow hea l thy  fish t o  a s i z e  

t h a t  w i l l  minimize s u r g i c a l  and p i t u i t a r y  sec t ion ing  problems. 

D i f f i c u l t y  of data i n t e r p r e t a t i o n  fro; the v a r i a b l e  

impedance p o s i t i o n  d e t e c t i o n  device  forced development of a more 

r e l i a b l e  method. 

Continuous s u r v e i l l a n c e  ( 2 4  hours/day) of experimental  

and c o n t r o l  f i s h e s  was achieved with t i m e  l a p s e  photography and 

enabled us  t o  assess t h e  success  of s u r g i c a l  procedures on our  

experimental  and sham-operated 'animals. 

A combination con t ro l  and experimental  a l l - g l a s s  

aquarium has been cons t ruc ted  w i t h  a v a r i a b l e  l i g h t  source t h a t  

can be a l t e r e d  t o  produce the desired o r i e n t a t i o n  of labyrinthec-  

t imized fishes and provide adequate l i g h t  f o r  time-lapse p i c t u r e s .  

It a l so  produces a v a r i a b l e  rheo t rop ic  environment. 

3.3 Summary Evaluation 

The research t o  date, has  been f a i r l y  cos t - e f f ec t ive  

cons ider ing  t h a t  the work is q u i t e  b a s i c .  F e w  "dead ends" have 

been encountered e i ther  i n  hardware development o r  i n  b i o l o g i c a l  

a spec t s .  The p r i n c i p a l  disappo'intments have been i n  development 

of  a re l iable  f i sh  o r i e n t a t i o n  d e t e c t o r  n o t  dependent on human 

da ta  a n a l y s i s .  A l l  the systems developed t o  d a t e  (except photo- 

graphic)  cannot d i f f e r e n t i a t e  between an "upr ight"  o r  an " inver ted"  

f ish,  though w e  can d e t e c t  a f ish swimming a t  90 - + 15O t o  normal. 

Another disappointment w a s  the f a i l u r e  t o  genera te  adequate t i ters  
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of  antibody i n  r a b b i t s  t o  the s y n t h e t i c  octapept ide.  O t h e r w i s e ,  

a l l  major goa l s  and ob jec t ives  have been a t t a i n e d  t o  date. I n  

add i t ion ,  s e rend ip i tous  advantages (making the research c o s t  bene- 

f i c i a l ,  i n  our  opinion)  have been r e a l i z e d .  The ' appl ica t ion  of 

so l id  s ta te  (Merrifield) techniques t o  success fu l  s y n t h e s i s  of an 

important hormone w a s  an unexpected b e n e f i t .  

T h e  biochemistry and immunology i n  t h i s  program have 

been q u i t e  s o p h i s t i c a t e d  and w e  are p r o f e s s i o n a l l y  g r a t i f i e d  by  

our  developing s k i l l s  a t  the f o r e f r o n t  of t h i s  sc ience  and tech- 

nology. But, candidly,  our achievements a r e  n o t  more impressive 

than  those of our pee r s ,  and have been s u f f i c i e n t  t o  a t t a i n  the 

program o b j e c t i v e s .  N e w  s k i l l s  w i l l  be needed t o  prosecute  the 

work now underway (under a new c o n t r a c t ,  NASw-2160) and are 

b r i e f l y  ou t l ined  below. 

3.4 Future  Work 

Future  e f f o r t s  w i l l  be devoted t o  the c o l l e c t i o n  and 

a n a l y s i s  of data from labyr in thec t imized  and c o n t r o l  fishes. 

Labyrinthectimized fishes w i l l  be subjec ted  t o  a l t e r e d  g rav i t a -  

t i o n a l  o r i e n t a t i o n s  f o r  var ious  per iods  of t i m e  and their  neuro- 

s e c r e t o r y  physiology w i l l  be compared w i t h  c o n t r o l  fishes s&jec ted  

t o  i d e n t i c a l  environmental condft ions.  A l l  d a t a  w i l l  be s t a t i s -  

t i c a l l y  analyzed 

The following experimental  design is contemplated. 

Angel f ish,  and/or g o l d f i s h  acclimated t o  our  l abora to ry  condi- 

t i o n s  w i l l  be used for experimental  and c o n t r o l  animals. Four 
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groups of  animals w i l l  be b i - l a t e r a l l y  labyrinthect imized.  One 

c o n t r o l  group w i l l  be sham-operated. One un-operated group w i l l  

s e r v e  a s  baseline con t ro l .  The operated f i s h  w i l l  be induced t o  

s w i m  a t  d i f f e r e n t  angles  r e l a t i v e  t o  the normal *g rav i t a t iona l  

f o r c e  f i e l d  f o r  varying per iods  of  t i m e .  

Sham-operated and un-operated c o n t r o l  f i sh  w i l l  be 

allowed t o  s w i m  w i th in  the s a m e  system, b u t  separa ted  from experi-  

mental f i sh  for the same t i m e  pe r iods  ( i . e . ,  1, 2 ,  4 ,  6 and 8 

weeks). T i m e  l a p s e  p i c t u r e s  (one frame/two minutes) w i l l  be 

taken 24 hours/day throughout the e n t i r e  experiment t o  confirm 

o r i e n t a t i o n  p o s i t i o n s  along w i t h  the behaviora l  and phys io logica l  

s t a t u s  of a l l  a n i m a l s .  

A f t e r  operated and c o n t r o l  f i s h  have been subjec ted  t o  

s p e c i f i c  g r a v i t a t i o n a l  o r i e n t a t i o n s  f o r  the des i r ed  per iod of 

t i m e ,  they w i l l  be sacrificed and their  b r a i n s  s e r i a l l y  sect ioned 

for  s t a i n i n g  w i t h  f l uo rescen t  antibody s o l u t i o n s .  

Controls f o r  e s t a b l i s h i n g  the  s p e c i f i c i t y  of s t a i n i n g  

w i l l  be u t i l i z e d .  The g lobu l in  f r a c t i o n  of  pooled, normal rabbit 

serum w i l l  be conjugated t o  Rhodamin B-200 and p u r i f i e d  i n  the 

s a m e  manner as the arginine-vasotocin antibody. T h i s  l abe led  

f r a c t i o n  w i l l  then be used a s  a" c o n t r o l  f o r  the s t a i n i n g  proce- 

dure.  A s  an a d d i t i o n a l  c o n t r o l  procedure, f l uo rescen t  antibody 

binding w i l l  be blocked by pre-incubation of a s e c t i o n  w i t h  

unconjugated antibody and compared w i t h  f luorescent ly-s ta ined  

s e c t i o n s .  

3 2  



To supplement the  above f luo rescen t  antibody assay 

technique, w e  w i l l  develop and employ a b ioassay  procedure f o r  

kidney based on adenylcyclase a c t i v i t y  t ha t  w e  b e l i e v e  w i l l  add 

g r e a t l y  t o  endocrine s t u d i e s  of the hypothalamo-neurohypophyseal 

system and increase  s i g n i f i c a n t l y  the meaningfulness of our  

p r e s e n t  s tudy  . 

0 

The adenyl cyc lase  bioassay,  coupled w i t h  our  f luores-  

c e n t  antibody assay technique, w i l l  provide q u a n t i t a t i v e  infor-  

mation on the presence and b i o l o g i c a l  a c t i v i t y  of arginine-  

vaso toc in  i n  var ious  po r t ions  of the hypothalamo-neurohypophyseal 

system and c i r c u l a t o r y  system. T h i s  d a t a  w i l l  be c o r r e l a t e d  w i t h  

g r a v i t a t i o n a l  in f luences  i f  g r a v i t y  does p l a y  a r o l e  i n  i t s  

r e g u l a t i o n  
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